T ype 2 diabetes mellitus affects a rapidly growing portion of the global population and is associated with high cardiovascular risk. 1,2 Abnormal endothelial function contributes to the development of atherosclerosis and clinical vascular events in diabetes mellitus. 3, 4 Novel therapeutic strategies that restore endothelial function hold promise as interventions to lower cardiovascular risk in diabetes mellitus.
diabetes mellitus on endothelial insulin signaling and endothelial inflammatory activation remain incompletely characterized in the human vasculature. The present study sought to investigate endothelial insulin signaling, inflammation, and the contribution of PKCβ activation to altered endothelial phenotype in human diabetes mellitus.
Methods

Study Subjects
We enrolled adults with type 2 diabetes mellitus defined as fasting serum glucose ≥126 mg/dL or ongoing treatment for type 2 diabetes mellitus at Boston Medical Center and control individuals without diabetes mellitus defined as fasting glucose <100 mg/dL. All subjects were studied in the fasting state, and a blood sample was taken for measurement of lipid levels and glucose levels in the Boston Medical Center Clinical Laboratory. Vasoactive medications were held on the morning of the study (last dose 24 hours before testing). The study protocol was approved by the Boston Medical Center Institutional Review Board, and all participants provided written informed consent.
Vascular Function Testing
We measured brachial artery flow-mediated dilation as described. 16 Briefly, high-resolution ultrasound was used to measure brachial artery diameter before and 1 minute after a 5-minute cuff occlusion of the upper arm (proximal to the imaged portion of the artery) designed to induce a hyperemic response. Doppler flow signals were measured in the resting state and immediately after cuff release.
Peripheral Endothelial Cell Collection
Peripheral venous endothelial cell biopsy was performed as previously described. 17, 18 Briefly, a 20-gauge intravenous catheter was inserted into a superficial forearm vein under aseptic technique. An 0.018-in J-wire (Arrow International, Reading PA) was introduced through the catheter, and endothelial cells were collected by gentle abrasion of the vessel wall. Endothelial cells were recovered from the wire tip by centrifugation in a dissociation buffer and plated on poly-L-lysine coated microscope slides (Sigma, St. Louis, MO). Once plated, cells were either fixed immediately in 4% paraformaldehyde or stimulated with insulin (described below) before fixation. Slides were washed in PBS, dried, and stored at −80°C until further processing.
Insulin-Stimulation of Freshly Isolated Human Endothelial Cells
To select the optimal time point for evaluating insulin-mediated eNOS phosphorylation in endothelial cells, we performed a time course evaluation using commercially available cultured human aortic endothelial cells (HAECs; Lonza Inc, Walkersville, MD). After overnight starvation, HAECs were treated with insulin 10 nmol/L in endothelial growth medium-2 medium devoid of growth factors at 37°C and fixed at multiple time points up to 60 minutes. With insulin treatment, eNOS phosphorylation increased transiently at 5 minutes and then was sustained at 30 through 60 minutes ( Figure I in the online-only Data Supplement). Thus, for our studies of freshly isolated human cells, we measured insulin-mediated eNOS phosphorylation at 30 minutes.
Freshly isolated endothelial cell samples were split immediately after isolation and before fixation with paraformaldehyde and incubated with either 0 or 10 nmol/L insulin in endothelial growth medium-2 Bullet Kit medium (Lonza Inc), devoid of growth factors, at 37°C for 30 minutes. Cells were then washed in PBS, fixed, dried, and frozen as above. To test the hypothesis that PKCβ inhibition improves endothelial insulin signaling in diabetes mellitus, cells were similarly incubated with 0 or 10 nmol/L insulin concurrently with LY379196, a PKCβ-specific inhibitor (kindly supplied by Eli Lilly and Company, Indianapolis, IN), at a concentration of 0 or 30 nmol/L for 30 minutes. The dose of LY379196 was based on previous reports evaluating commercially available cultured endothelial cells. 19 Cells were processed as described above.
Assessment of Protein Expression by Quantitative Immunofluorescence
Fixed samples were thawed and rehydrated with PBS containing 50 mmol/L glycine (Sigma) for 10 minutes. Cells were permeabilized with 0.1% Triton X-100, and nonspecific binding sites were blocked with 0.5% bovine serum albumin (BSA). Slides were incubated for 1 hour at 37°C with primary antibodies against 1 of the following targets: eNOS (1:100 dilution; BD Biosciences, San Diego, CA), phosphorylated eNOS at serine 1177 (1:200 dilution; Millipore, Billerica, MA) and threonine 495 (1:100 dilution; Cell Signaling, Danvers, MA), Akt (1:100 dilution; Cell Signaling), PKCβ (1:100 dilution; Abcam, Cambridge, MA), phosphatase and tensin homolog (1:100; Santa Cruz Biotechnology, Santa Cruz, CA), nitrotyrosine (1:1000 dilution; Millipore, Billerica, MA), intercellular adhesion molecule (1:150 dilution; Santa Cruz Biotechnology), IκBα (1:100 dilution; Novus, Littleton, CO), or p65 (1:375 dilution, Novus). All cells were also stained with an anti-von Willebrand Factor (vWF) antibody (1:300 dilution; Dako, Carpinteria, CA) to aid in endothelial cell identification. After incubation with the primary antibodies, the slides were washed and incubated with corresponding Alexa Fluor-488 and Alexa Fluor-594 antibodies (1:200 dilution; Invitrogen, Carlsbad, CA) and mounted under glass coverslips with Vectashield containing DAPI for nuclear identification (Vector Laboratories, Burlingame, CA). For each batch of patient-derived cells, we stained a control slide of cultured HAECs, maintained in endothelial growth medium-2 Bullet Kit medium (Lonza) at 37°C with 5% CO 2 and taken from a single index passage.
Slides were imaged with a fluorescence microscope (Nikon Eclipse TE2000-E) at ×20 magnification, and digital images of the cells were captured using a Photometric CoolSnap HQ2 Camera (Photometrics, Tucson, AZ). Exposure time was held constant, and image intensity was corrected for background fluorescence. Fluorescent intensity was quantified by NIS Elements AR Software (Nikon Instruments Inc, Melville, NY). For each protein of interest, fluorescent intensity was quantified in 20 cells from each patient and averaged. To minimize batch-to-batch variability in staining intensity, fluorescence intensity for each patient sample was normalized to the intensity of HAEC staining performed simultaneously. Intensity is expressed in arbitrary units (au) calculated by dividing the average fluorescence intensity from the patient sample by the average fluorescence intensity of the HAEC sample and multiplying by 100. Intensity quantification was performed blinded to subject identity and diabetes mellitus status, and each batch included patients with and without diabetes mellitus.
Statistical Analyses
Statistical analyses were performed using SPSS version 19.0. The distribution of continuous clinical characteristics and vascular function measures were evaluated by examining a histogram and the Shapiro-Wilk test and compared between diabetic patients and nondiabetic controls using the independent samples t test or Mann-Whitney U test as appropriate. Categorical clinical characteristics were compared using χ 2 testing. Baseline endothelial cell protein expression, and change in eNOS phosphorylation with insulin, were compared between diabetic patients and nondiabetic controls using Mann-Whitney U test given the sample size. We compared flow-mediated dilation between patients with diabetes mellitus and nondiabetic controls adjusting for race, body mass index, total cholesterol, high-density lipoprotein cholesterol, and systolic blood pressure using a general linear model. We evaluated the effect of LY379196 on eNOS phosphorylation, the response to insulin, and IκBα expression with related samples Wilcoxon Signed Rank Test. We compared clinical characteristics, vascular measures, and eNOS phosphorylation responses by evaluating correlation coefficients. A 2-sided P value <0.05 was considered statistically significant. 
Results
Study Subjects and Vascular Function
We enrolled 40 patients with diabetes mellitus and 36 nondiabetic control participants. As shown in the Table, patients with diabetes mellitus had metabolic abnormalities, including higher body mass index, systolic blood pressure, fasting serum glucose, and glycosylated hemoglobin A1c, and lower high-density lipoprotein cholesterol. Patients with diabetes mellitus had lower low-density lipoprotein cholesterol, likely related to concomitant lipid-lowering therapies. Flow-mediated dilation of the brachial artery was lower in the patients with diabetes mellitus as compared with the nondiabetic controls, consistent with the presence of endothelial dysfunction. In a multivariable model adjusting for race, total cholesterol, high-density lipoprotein cholesterol, and systolic blood pressure, patients with diabetes mellitus had lower flow-mediated dilation than nondiabetic controls (least square mean±SE, 6.4±0.7 versus 9.7±0.7; P=0.003). Nitroglycerin-mediated dilation was lower in the patients with diabetes mellitus, suggesting the presence of smooth muscle dysfunction or inactivation of nitric oxide by reactive oxygen species as well as impaired endothelium-dependent vasodilation. There were no differences in arterial diameter or resting or hyperemic flow.
Endothelial Nitric Oxide Synthase Activation and Response to Insulin in Freshly Isolated Endothelial Cells
To evaluate activation of eNOS, we quantified levels of eNOS phosphorylation at serine 1177 and threonine 495 in diabetic individuals. Notably, diabetic individuals had higher basal levels of activated eNOS at serine 1177 compared with controls ( Figure 1 , Figure II in the online-only Data Supplement). To measure insulin-induced eNOS phosphorylation, we exposed cells from diabetic and nondiabetic subjects to 0 or 10 nmol/L insulin for 30 minutes as shown in Figure 1 and Figure II in the online-only Data Supplement. With insulin stimulation, eNOS phosphorylation at serine 1177 increased 38±30% in cells from nondiabetic subjects (n=9, P=0.04). In contrast, eNOS phosphorylation at serine 1177 decreased 10±9% with insulin stimulation in cells from diabetic patients (n=12, P=0.006). The difference in overall insulin-induced eNOS phosphorylation at serine 1177 between the diabetic and nondiabetic groups was highly significant (P=0.003). Among the patients with diabetes mellitus, there were no differences in basal or insulin-stimulated eNOS phosphorylation at serine 1177 based on use of statins, angiotensinconverting enzyme inhibitor or angiotensin receptor blocker, metformin, or insulin ( Table I in Overall, a greater increase in eNOS phosphorylation with insulin stimulation was associated with higher flow-mediated dilation (r=0.523, P=0.04; Figure III in the online-only Data Supplement). Among the diabetic patients, higher body mass index was associated with lower insulin-stimulated eNOS phosphorylation (r=−0.600, P=0.04). Fasting glucose and hemoglobin A1c were not associated with insulin-stimulated eNOS phosphorylation.
As shown in Figure 3 , total eNOS and Akt expression were similar in endothelial cells from patients with diabetes compared with control subjects. Expression of phosphatase and tensin homolog, a phosphatase that opposes PI3 kinase action and inhibits Akt activation, was similar in diabetic patients and nondiabetic controls ( Figure 3 and Figure IV in the online-only Data Supplement). These results suggest alterations in eNOS activation with comparable eNOS expression in patients with diabetes mellitus. As shown in Figure 3 , expression of nitrotyrosine, a marker of oxidative stress, was higher in patients with diabetes mellitus than in nondiabetic controls. Basal eNOS phosphorylation at serine 1177, total 
PKCβ Inhibition Restores Endothelial Nitric Oxide Synthase Activation and Insulin Signaling in Diabetes Mellitus
To investigate PKCβ activation in the diabetic endothelium, we measured total PKCβ expression. As shown in Figure 4 and Figure V in the online-only Data Supplement, PKCβ expression was higher in patients with diabetes mellitus compared with nondiabetic controls. Higher PKCβ expression was associated with lower flow-mediated dilation of the brachial artery in the overall sample ( Figure 4 ) and among the patients with diabetes mellitus (r=−0.674, P=0.03).
To evaluate the role of PKCβ activation in the impairment of eNOS signaling in diabetes mellitus, we treated freshly isolated endothelial cells with LY379196, a pharmacological inhibitor of PKCβ. 19 As shown in Figure 5 and Figure VI 
NFκB Activation in Freshly Isolated Endothelial Cells in Diabetes
To evaluate endothelial inflammatory activation, we examined the activity of NFκB by quantification of subunit p65, the inhibitory regulator IκBα, and intercellular adhesion molecule-1 ( Figure 6 and Figure V in the online-only Data Supplement). 20 Endothelial cells from diabetic patients showed a trend toward higher levels of p65 when compared with nondiabetic controls. Expression of the negative regulator of NFκB, IκBα, was lower in endothelial cells from diabetic patients than in nondiabetic controls. Further, expression of intercellular adhesion molecule-1, a protein regulated by NFκB, trended toward higher in endothelial cells from patients with diabetes mellitus than in nondiabetic controls. Endothelial p65, intercellular adhesion molecule-1, and IκBα expression levels were not associated significantly with flow-mediated dilation.
To evaluate the role of PKCβ in the NFκB activation in diabetes mellitus, we measured IκBα expression before and after Figure 6 ).
Discussion
In the present study, we provide direct evidence that signaling pathways responsible for eNOS activation are altered in endothelial cells from patients with diabetes mellitus. Interestingly, we found elevated levels of activated eNOS in conjunction with reduced flow-mediated vasodilation in diabetic patients compared with control individuals. Basal expression of total eNOS, Akt, and phosphatase and tensin homolog were similar in diabetes mellitus, suggesting that abnormal endothelial function is not attributable to altered levels of these proteins. Activation of eNOS by insulin was severely blunted in endothelial cells from diabetic patients, indicating the presence of endothelial insulin resistance. Inhibitory eNOS phosphorylation was increased by insulin in patients with diabetes mellitus but decreased in nondiabetic controls. In addition, we observed endothelial inflammatory activation and oxidative stress, evidenced by increased markers of NFκB activity and increased nitrotyrosine expression in endothelial cells from diabetic patients.
Inhibition of PKCβ with LY379196 blunted the diabetesassociated endothelial abnormalities in basal and insulin-stimulated eNOS phosphorylation state. Further, PKCβ inhibition increased IκBα expression suggesting that PKCβ inhibition reduced NFκB activation in endothelial cells from patients with diabetes mellitus. Taken together, our findings suggest that PKCβ activity contributes to the abnormal endothelial phenotype characterized by impaired insulin-mediated eNOS activation in diabetes mellitus.
Experimental studies have identified insulin as a regulator of endothelial nitric oxide production. In commerciallyavailable cultured endothelial cells, insulin enhances eNOS activity through phosphatidylinositol-3 kinase (PI3K)-Akt mediated phosphorylation at serine 1177. 5 Relevant to our study of flow-mediated dilation, shear stress also activates eNOS via the PI3K-Akt signaling axis. 21 In animal models, diminished vascular insulin signaling is associated with reduced nitric oxide bioavailability. 22, 23 Further, endothelialspecific elimination of the insulin receptor leads to reduced insulin-mediated eNOS activation, endothelial vasomotor dysfunction, inflammatory activation, and accelerated plaque formation. 7 These studies support the concept that endothelial insulin resistance contributes to the development of endothelial dysfunction and atherosclerosis; however, the relevance to human diabetes mellitus has not been established previously.
Our data provide insight into the consequences of human diabetes mellitus on pathways that modulate eNOS activity under basal and stimulated conditions. We observed excessive basal eNOS activation and reduced flow-mediated dilation in diabetic patients. The differences in resting eNOS phosphorylation are concordant with a previous report describing high 24 Complex processes determine nitric oxide bioavailability, including the amount of nitric oxide synthesized and the extent of nitric oxide destruction by reactive oxygen species. 25 Higher eNOS activation may represent an adaptive response to high oxidative stress in diabetes. 26 Consistent with this possibility, we observed higher nitrotyrosine levels in the endothelial cells from diabetic patients. 27, 28 Under pathological conditions including diabetes mellitus, eNOS may become uncoupled and produce superoxide, rather than NO. 29 It is plausible that elevated eNOS phosphorylation in diabetes mellitus reflects a compensatory alteration to chronically reduced nitric oxide levels. The higher basal Ser1177 phosphorylation in endothelial cells from diabetic subjects raises the possibility that the blunted response to insulin stimulation represents a ceiling effect that limits the amount of additional phosphorylation that can occur.
Our study extends our understanding of nitric oxide regulation in diabetic endothelial cells by examining the functional response to insulin. We demonstrated that insulin promotes eNOS activity by increasing activating (Ser1177) and decreasing inhibitory (Thr495) phosphorylation in endothelial cells from nondiabetic control individuals. In contrast, endothelial cells isolated from diabetic patients displayed a marked abnormality of endothelial insulin action. These findings suggest that modulation of eNOS activation through the PI3K-Akt pathway is disrupted in human diabetes mellitus. Further, insulin augments inhibitory phosphorylation of eNOS that may contribute to uncoupling and oxidative stress. 30 The inability to upregulate eNOS activity in response to acute insulin administration was accompanied by abnormal shear stress-mediated vasodilator responses. Our findings support the possibility that insulin resistance in the endothelium contributes to endothelial dysfunction in humans with diabetes mellitus.
The present study suggests that PKCβ activity is an important determinant of abnormal eNOS activation in diabetes mellitus. In animal models of diabetes mellitus, PKCβ inhibition improved insulin-mediated PI3K/Akt signaling in parallel with endothelium-mediated vasodilation. 12 In human subjects, PKCβ inhibition with ruboxistaurin treatment prevented the development of endothelial dysfunction induced by acute hyperglycemia and improved flow-mediated dilation in diabetic patients. 31, 32 Consistent with these studies, we observed higher PKCβ levels in endothelial cells from patients with diabetes mellitus. Higher PKCβ expression was associated with reduced endothelial function evidenced by lower flow-mediated dilation. Inhibiting PKCβ activity improved the responsiveness to insulin in endothelial cells and reduced basal eNOS phosphorylation in diabetes. In cell culture, PKCβ has been described as reducing eNOS activity through phosphorylation at the inhibitory site Thr495. We did Figure 3 . Abnormal endothelial nitric oxide synthase (eNOS) activation is not attributable to differential eNOS, Akt, or phosphatase and tensin homolog (PTEN) expression in diabetes mellitus. Diabetes mellitus is associated with oxidative stress in endothelial cells. Freshly isolated endothelial cells collected from patients with diabetes mellitus and nondiabetic controls were fixed and stained (20 cells per patient for each protein). A, Representative cell from a diabetic patient (right) shows similar eNOS expression (red) compared with a cell from a nondiabetic control (left, red). Pooled data show that eNOS levels were comparable in the nondiabetic controls (n=8) and diabetics (n=10, P=0.46). B, Representative cell from a diabetic patient (right) shows similar Akt expression (red) compared with a cell from a nondiabetic control (left, red). Pooled data show that Akt levels were comparable in the nondiabetic controls (n=6) and diabetics (n=10, P=0.79). C, Representative cell from a diabetic patient (right) shows similar PTEN expression (red) compared with a cell from a nondiabetic control (left, red). Pooled data show that PTEN levels were comparable in the nondiabetic controls (n=8) and diabetics (n=10, P=1.0). D, Representative cell from a diabetic patient (right) shows higher nitrotyrosine expression (red) compared with a cell from a nondiabetic control (left, red). Pooled data show that nitrotyrosine levels were higher diabetic patients (n=5) compared with the nondiabetic controls (n=5, *P=0.03).
by guest on July 26, 2017 http://circ.ahajournals.org/ Downloaded from not observe differences in basal or insulin-mediated eNOS phosphorylation at threonine 495 with PKCβ inhibition. Collectively, our findings support the concept that PKCβ activity impedes regulation of eNOS activation in diabetes mellitus.
Previous investigations of eNOS expression in diabetic conditions have yielded conflicting results. In cultured endothelial cells, hyperglycemia has been shown to decrease total eNOS protein levels; however, similar glucose conditions were reported to increase eNOS expression along with increased superoxide production and reduced NO bioactivity. 33, 34 Increased vascular eNOS expression has also been observed in the aortas of insulin resistant rats, and eNOS expression was normalized after treatment with a PKC inhibitor. 12 In patients undergoing coronary artery bypass grafting, expression of eNOS was lower in the internal mammary arteries in the presence of diabetes. 35 However, eNOS levels were similar in freshly isolated endothelial cells from obese and lean individuals. 24 In the current study, endothelial eNOS expression was comparable in diabetic patients and controls, suggesting that eNOS deficiency is not an important mechanism for endothelial dysfunction in diabetes mellitus.
Inflammatory activation may contribute to endothelial dysfunction in diabetes mellitus. Experimental data link NFκB activity to vascular insulin resistance and endothelial dysfunction. 36 Previous human data in older and obese individuals support a proinflammatory phenotype in endothelial cells characterized by increased NFκB activation. 24, 37 Similarly, we found evidence of higher NFκB activation in endothelial cells of patients with diabetes mellitus in conjunction with abnormal eNOS signaling. Our findings suggest the possibility that endothelial inflammatory activation through NFκB contributes to vascular insulin resistance. PKCβ inhibition increased IκBα expression in endothelial cells from patients with diabetes mellitus, consistent with a link between PKCβ activity and endothelial inflammation. 14 Additional studies are needed to evaluate whether NFκB inhibitors have a beneficial effect on endothelial signaling in human diabetes mellitus.
Several limitations of our study should be noted. The studies were performed using venous and not arterial endothelial cells, which may be more directly relevant to atherogenesis. However, venous endothelial cells are exposed to the systemic metabolic disturbances present in diabetes mellitus. Further, previous reports indicate correlations between protein expression in venous and arterial endothelial cells obtained by similar biopsy methodology. 18, 38 The relatively modest sample size for the endothelial cell evaluations precludes multivariable adjustment for confounders. Dysregulation of eNOS activation in diabetes mellitus is likely complex and multifactorial. 5 Based on animal studies, we prospectively sought to investigate the contribution of PKCβ activity. 10 Further studies are warranted to evaluate additional mechanisms for altered eNOS signaling in diabetes mellitus. Additional phosphorylation sites have been described that regulate eNOS activity, which we have not evaluated in the present study. 25 As has been described previously, we observed lower flow-mediated and nitroglycerin-mediated vasodilation in patients with diabetes mellitus, indicating multilevel abnormalities in vasomotor function. [39] [40] [41] [42] These limitations are counterbalanced by the novel functional demonstration of insulin action in endothelial cells from patients and evidence supporting a role for PKCβ in abnormal endothelial signaling in humans with diabetes mellitus.
In summary, we have demonstrated the presence of endothelial insulin resistance in diabetic patients with endothelial dysfunction that is alleviated by PKCβ inhibition. The emergent diabetes mellitus epidemic necessitates the identification of novel therapeutic interventions for cardiovascular disease reduction. Pharmaceutical agents that reduce PKCβ activity have shown potential in selected clinical trials to reduce microvascular complications in diabetes mellitus. 10 Our findings provide support for developing interventions that restore insulin action in the endothelium, potentially by inhibiting PKCβ, as a strategy to lower vascular disease burden in patients with diabetes mellitus. . Protein kinase C-β (PKCβ) and endothelial inflammatory activation in diabetes mellitus. A, There was a trend for higher expression of nuclear factor kappa B (NFκB) subunit p65 in endothelial cells from patients with diabetes mellitus (n=4 diabetic and 5 nondiabetic, *P=0.06). B, There was a trend for higher expression of intercellular adhesion molecule-1, a cellular adhesion molecule regulated by NFκB, in endothelial cells from patients with diabetes mellitus (n=4 diabetic and 5 nondiabetic, *P=0.06). C, Expression of IκBα, an inhibitor of NFκB, was lower in endothelial cells from patients with diabetes (n=6 diabetic and 5 nondiabetic, *P=0.004). Treatment with LY379196 for 30 minutes increased IκBα expression in patients with diabetes mellitus (**P=0.03). 
